Adenosine causes an increase in the concentration of cyclic AMP in mouse neuroblastoma cells. The amount of increase observed in intracellular cyclic AMP levels due to exogenous adenosine depends greatly on the concentration of a specific cyclic AMP phosphodiesterase inhibitor, 4-(-3-butoxy-4-methoxybenzyl)-2-imidazolidinone. Unstimulated concentrations of cyclic AMP were 29-40 pmol/mg of protein, and concentrations after addition of 0.2 mM adenosine were usually twice as high. The presence of 0.7 mM inhibitor along with 0.2 mM adenosine caused an increase in cyclic AMP levels up to 1000-2000 pmol/mg of protein.
Data now accumulating on cyclic AMP (cAMP) and the nervous system tend to indicate that transmitter substances perform a modulatory role on the activity of various nervous tissues by affecting intracellular cAMP levels (1, 2) . In a recent article (3) the data were reviewed which support the occurrence of "purinergic nerves" whose principal transmitter substance is a purine nucleotide. Adenosine itself produces striking increases in cAMP concentrations of brain slices by interacting with a receptor that appears to be distinct from those associated with known or putative neurotransmitters (i.e., norepinephrine, acetylcholine, or serotonin) or neurohormones (histamine and prostaglandins) (4) (5) (6) (7) (8) . Increases in free adenosine concentrations, which paralleled the observed enhancement of cAMP concentration, were observed in brain slices treated with various depolarizing agents (8) (9) (10) . Adenosine also interacts synergistically with norepinephrine, serotonin, and histamine in elevating cAMP concentration in brain (6) (7) (8) . In addition, cAMP levels in brain slices were not elevated by a second treatment of histamine or norepinephrine alone, but were responsive to these agents during a second application when adenosine was present (11) .
To define which cells of the nervous system were responding to which cAMP stimulatory agent, investigators studied various homogeneous neuronal and glial tissue cultures. cAMP concentrations were increased by catecholamines in rat glial cells, and by histamine, catecholamines, and adenosine in human glial (astrocytoma) cells (12) (13) (14) (15) . In the only homogeneous nerve tissue culture investigated, mouse neuroblastomas, the cAMP level responded to certain prostaglandins but not to histamine, catecholamines, and adenosine (16) . These data suggested that the cAMP responses produced in brain slices by histamine, catecholamines, and adenosine may be mainly due to the glial elements, and the prostaglandin response, mainly due to the neuronal elements. We report here that cAMP levels of mouse neuroblastoma can indeed be dramatically stimulated under proper circumstances by exogenous adenosine.
MATERIALS AND METHODS

Studies
Were performed on two clonal lines of mouse neuroblastoma C1300, NS20 and NiE (17) . Stock cultures were maintained in Falcon flasks in a growth medium composed of Dulbecco's modified Eagle's medium supplemented with 10% fetal-calf serum, penicillin G (10 U/ml), and streptomycin sulfate (10 ,g/ml) in an atmosphere of 10% CO2 and 90%O air at 37°. Cells were subcultured by shaking the cells oft the plastic surface without the aid of trypsin.
For experimental use, cells were placed in growth mediunt on 25-mm2 glass cover slips (Corning, No. 2) in 60-mm Falcon petri dishes and incubated at 370 for at least 24 hr. Where the effects of the cAMP phosphodiesterase inhibitor, Ro 20-1724 (18) , were investigated, the drug was added at various concentrations to these cultures before use, as noted in the text. Individual cover slips with attached cells were washed twice with growth medium minus fetal calf serum at 220 and then incubated at 220 in 5 ml of growth medium minus fetal calf serum with other compounds under investigation for various times in a 10% C02:90% air atmosphere. When the cells had been previously incubated at 370 with a given concentration of Ro 20-1724, all washes and subsequent incubation media also contained the same drug concentration. Since Ro 20-1724 is sparingly soluble in H20, 100-times concentrated stock solutions were made in ethanol; therefore, all experimental cell samples were analyzed in the presence of 1% ethanol. At the end of an experiment the medium was removed by aspiration and 5% trichloroacetic acid was used to fix the cells as well as extract the cAMP essentially as described by Gilman and Nirenberg (12) . cAMP was assayed with 125I radioimnmunoassay kits (Schwartz-Mann), by the method of Steiner et al. (19) precipitate was dissolved in dilute NaOH and analyzed for protein by a modification of the method of Lowry (20) .
Adenosine, adenine, guanosine, and guanine were obtained from Sigma Chemical Company, histamine and acetylcholine chloride from Calbiochem, and theophylline and Ro 20-1724 from Hoffmann-La Roche, Inc.
RESULTS
We tested various agents (Table 1) for their ability to increase the level of cAMP of neuroblastoma cells in the presence and absence of a potent cyclic nucleotide phosphodiesterase inhibitor, Ro 20-1724 (18, 21, 22) . For two clonal lines grown to confluency, NS20 and NME, the average cAMP concentration was 40 and 29 pmol/mg of protein, respectively. In general, cells at low density tend to have cAMP concentrations about 2 to 3-fold higher than those grown to confluency. The experimental data in Table 1 were obtained from cells that were at their confluent density. Addition of Ro 20-1724 under these conditions had no significant effect on cAMP levels in NS20 cells but routinely caused a 2 to 3-fold increase in cAMP levels in NME cells. Addition of guanine, guanosine, adenine, isoproterenol, histamine, and acetylcholine did not produce any significant alteration in the cAMP concentrations found in the presence or absence of the phosphodiesterase inhibitor. Adenosine, by itself, slightly elevated (about 2-fold) the cAMP levels in both NS20 and NiE. However, in the presence of Ro 20-1724, addition of adenosine to NS20 and NME leads to a 16-and 27-fold increase, respectively, in cAMP concentrations. Although these cells had been The concentration dependence of the neuroblastoma cAMP response to both adenosine and Ro 20-1724 was investigated (Fig. 2) . When the concentration of Ro 20-1724 was kept constant at 0.7 mM and the adenosine concentrations varied from 0-0.2 mM, the half-maximal cAMP response was seen at 2 MM adenosine. This concentration is 1/5 that required to give half-maximal cAMP stimulation of guinea-pig cerebral cortex slices (6) and 1/10 that required in cultured human astrocytoma cells (15) . The observed higher sensitivity of our neuroblastoma cAMP system to adenosine could be due to the presence of the phosphodiesterase inhibitor, since the other systems were analyzed for adenosine responses in the absence of any such inhibitor. At a constant adenosine concentration of 0.2 mM, a discernable elevation in cAMP levels due to the presence of Ro 20-1724 was first observed at 5 MM Ro 20-1724, and the half-maximal cAMP response was observed in the presence of 30 uM Ro 20-1724 . These data again demonstrate that the presence of both adenosine and Ro 20-1724 is required for maximal stimulation of neuroblastoma cAMP concentration.
One of the characteristic features of the cAMP response observed in other systems is that certain methylxanthines (especially theophylline) block the response to exogenous adenosine while actually potentiating cAMP responses to other stimulatory agents such as catecholamines, histamine, and prostaglandins (15, 16, 22) . It has also been reported that the inhibition of the adenosine response produced by theophylline can be surmounted by increasing the adenosine concentration (6) . Therefore, theophylline was tested for its inhibitory effects on the accumulation of cAMP in neuroblastoma cells induced by adenosine + Ro 20-1724. The cAMP response to 2 MM adenosine and 0.7 mM Ro 20-1724 was 50% inhibited by 20 MM theophylline and almost completely inhibited by 200 MM theophylline (Fig. 3) . In addition, as the stimulatory adenosine concentration was progressively raised from 2 to 20 to 200 MM, the inhibition produced by 200 MM theophylline decreased from 90 to 33 to less than 1% (Fig. 3) . In cells incubated with 0.7 mM Ro 20-1724, theophylline did not significantly affect the level of cAMP (data not shown).
DISCUSSION
Stimulation of cAMP levels has been observed to occur very rapidly and to produce as high as a 200-fold and as little as a 2-fold increase in cellular cAMP concentration. In addition, many such elevated cAMP levels quickly decayed back to the normal level. We therefore felt that in searching for an adenosine-mediated cAMP elevation in neuroblastoma, an increase in cAMP concentration might be more sensitively monitored if the increased cAMP concentration could not be subsequently degraded by a cAMP phosphodiesterase. The cyclic nucleotide phosphodiesterase inhibitor, Ro 20-1724, was selected for this purpose from several other phos- phylline could not be used since it is actually a blocker of adenosine-stimulated increases in cAMP (6) . Although papaverine and isobutylmethylxanthine enhanced histamine and catecholamine cAMP responses, they did not potentiate an adenosine-mediated increase in cAMP (23) . Ro 20-1724 had been reported to be an extremely potent phosphodiesterase inhibitor and to have the unique property of being a rather specific inhibitor of cAMP compared to cGMP phosphodiesterase (18, 22) . Finally, cAMP concentrations had been reported to be inversely related to cell growth (24) , and Ro 20-1724 had been shown to block neuroblastoma growth (25, 26) . The data presented in this paper show that the cellular concentration of cAMP in a homogeneous nerve-cell population can be elevated by exogenous adenosine. In the presence of the phophodiesterase inhibitor Ro 20-1724 the neuroblastoma adenosine response is enormous, producing cellular cAMP concentrations in excess of 2000 pmol/mg of protein, as compared to unstimulated concentrations of 29-40 pmol/ mg of protein. Similar high levels of cAMP have also been observed in homogeneous glial-tissue cultures when exogenous norepinephrine, isoproterenol, and adenosine were added separately (12) (13) (14) . Although the cAMP levels of certain glial-cell cultures also respond to histamine (13) and those of neuroblastoma to various prostaglandins (16), these elevated cAMP levels were only 1/10 those reported here.
For the following reasons we believe that the neuroblastoma cAMP adenosine effect is characteristic of adenosine stimulations seen in other systems. ( In summary, we believe that mouse neuroblastoma offers a model system in which to investigate (a) the mechanism by which the cAMP content of nerve cells is responsive to exogenous adenosine and (b) the effects of adenosine-mediated increases in cAMP concentrations on various nerve functions.
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